In adapting methods for automatic analysers modifications to the chemistry may help to simplifymachine design. These modificationsare acceptable only iftbey do not adverselyinfluence the accuracy and reproducibility of the method. The strict timing sequence which is ensured in automatic analysers, particularly of the discrete type, allows a simplification of some methods not possible in manual assays.
At the beginning of the last decade the rapidly rising workload in clinical biochemistry was the cause of serious concern to biochemists throughout the United Kingdom. Eaton and Lathe (1963) predicted that, with the continued expansion of biochemistry at the same or even faster rate, laboratories over the next 20 years could expect a 10-to 20-fold increase in workload. They stressed the urgent need for experiments in mechanization. Anderson et al. (1965) reported that many Scandinavian laboratories were offering 'package deals' of tests the main value of which was to simplify the handling of the workload. A similar situation was reported by Marsh (1963) to exist in the United States.
EXPANSION OF BIOCHEMISTRY
Against this background there appeared to be a need for a high-speed multichannel analytical system capable of providing accurate, reproducible results and with a capacity to cope with the natural expansion of biochemistry for the next IO to 20 years. On the basis of the workload in Brighton it was estimated that this would require an analysis rate of between 200 and 400 samples per hour. As no such system was commercially available it was decided to develop one locally with Dr. C. Riley concentrating on the mechanical aspects of the project and the author on the chemical.
First consideration was given to the possibility of using the familiar continuous flow principle, but this was rejected because on information available at the time it seemed that the-maximum analysis rate consistent with accuracy and precision could not greatly exceed 60 samples per hour. Attention was therefore turned to discrete analysis. Experience with work-simplified techniques, with mechanical measuring devices being used, showed that even with intermediate manual operations high speed and precision could be achieved. With mechanization of the manual stages an even better performance could reasonably be expected.
After consideration of the requirements it was specified that the machine should be capable of:
(1) Handling 200 to 400 samples per hour.
(2) Automatic pick-up, measurement, and dilution of samples and their subsequent transfer into reaction tubes maintained at constant temperature. (3) Automatic injection of measured volumes of reagents into the reaction tubes at appropriate times and with a velocity sufficient to mix the contents of the tube.
(4) Transfer of the final coloured solution into a drift-free colorimeter, the response appearing as a square-wave peak on a pen recorder or as printed figures on a digital recording device. (5) In situ washing of the reaction tubes after completion of the assay so that the analytical process may be carried out repeatedly. (6) Positive identification of the sample with the result.
The first single-channel analyser to incorporate all but the first and last of these requirements was a laboratory prototype ( Fig. I) , made by Dr. C. Riley, which was capable of handling 60 samples per hour. Preliminary experiments with this system were made with the biuret method for the estimation of serum proteins and an enzymatic method for the estimation of serum urea. The first of these methods was chosen for its simplicity, requiring only one reagent for the development of colour within the permitted period; the second for its greater complexity, requiring a period of incubation with the enzyme urease, the addition of two further reagents, and a period for colour development.
COMMERCIAL PROTOTYPE
The results of these early experiments confirmed the feasibility of the system and a commercial prototype was manufactured by Vickers Medical Ltd. (Fig. 2 ). As no colorimeter was supplied with this model it was necessary to use a Linson Junior Colorimeter and pen recorder, an arrangement which limited the analysis rate to 150 samples per hour. With the introduction of a purpose-built 163 Certain basic requirements of the system which became apparent during these studies made it necessary to define criteria for chemical methods as follows: (I) All methods must tolerate the presence of protein, so that arrangements for its removal, which are both time-wasting and mechanically complicated, may be avoided. (2) They must result in the production of a suitable absorbance in the visible spectrum within a maximum of 10 minutes (3) The colour should be, if possible, directly proportional to the concentration of assayed substance, thus avoiding the need for electronic correction of non-linear absorbance plots. (4) Sensitivity should be sufficiently high to allow the use of only small volumes of plasma, so that analysis of up to 20 substances may be performed on a 6-ml blood sample. (5) No more than four reagents should be used for anyone method, thereby keeping the number of dispensing syringes to a minimum. (6) As far as possible methods not requmng the use of plasma blanks should be chosen, so that the second channel provided on each reaction console could be used instead for a further method. (7) Reagents should be stable at room temperature for at least the duration of the batch of tests. In some instances the chemical methods already available, with only slight modifications, fulfilled these criteria. In others more drastic alterations were necessary. In the case of creatinine no suitable method was available.
It was anticipated that the presence of proteins in the reaction mixture would present the greatest analytical problems. However, this was not the case with those methods employing reagents of high pH, since the proteins remain in solution as polyvalent anions. Only in reaction mixtures of low pH was there significant protein precipitation. This was prevented in some methods by the use of reagents containing high concentrations of urea or non-ionic surfactants such as Triton X-IOO. 
SoME DIFFICULTIES
Special difficulty with protein precipitation was experienced in the measurement of inorganic phosphorus on the Vickers prototype when the method of Raabe (1955) was used. This method depends on the formation of molybdenum blue in acid solution, at which stage of the reaction protein is precipitated and turbidity occurs. In the manual procedure the precipitate is redissolved by shaking vigorously with an alkaline buffer before measuring the absorbance. Such vigorous mixing was not possible on the Vickers prototype so that the precipitate only partially redissolved with the addition of alkali. This resulted in poor reproducibility of the method with coefficients of variation of 3.6 % or worse. In this case the addition of Triton X-IOO did not appreciably improve the results. The eventual solution to the problem was to modify the ammonium molybdate reagent as shown in the Table. The beneficial effects of this were twofold: the initial turbidity was less but the pH was not appreciably altered; the pH after buffer addition was higher, thus providing a medium in which precipitated proteins redissolved more readily. With the method modified in this way the coefficient of variation of replicate analysis was around 1.5% at a mean phosphate concentration of 3.0 rngJlOO rnl, This example shows that in an extreme case the kinetic energy supplied by the jet of reagent may not be sufficient to ensure adequate mixing and that modification of the method may be necessary. The efficiency of jet mixing is influenced by the relative volumes of the reagent jet and the stationary liquid in the reaction cavity. It is important to bear this in mind even with uncomplicated methods. To provide the necessary kinetic energy for efficient mixing the volume of reagent added should be as large as possible relative to the solution already in the reaction cavity with an absolute minimum of 50%.
With reagents of high specific gravity not only may there be mixing problems but also problems with filling the colorimeter flow cell. For a complete pre-rinse, fill, lind empty sequence to take place 166-. within the permitted 12 seconds precise vacuum control and pick-up-probe dimensions are essential. A reaction mixture of high density makes fine control difficult, so that errors arise from improper filling of the cell. An example of this was seen with the bilirubin method of Ichida and Nobuoka (1968) . which employs concentrated urea benzoate solution as the accelerator and alkaline potassium sodium tartrate (Fehling II) solution for the formation of azobilirubin blue complex. The filling errors in this case were corrected by using the less concentrated caffein-sodiurn benzoate accelerator and sodium hydroxide instead of Fehling II solution. The omission of potassium sodium tartrate from the alkalinizing reagent in no way affected correlation with the original method, and the reagent has been used successfully on the M-JOO for more than a year. One of the main advantages of an automatic analytical system is the precise timing of the operational sequence, which ensures that every sample is identically processed at every stage of the reaction. The implications of this when adapting or devising methods for machines are not always fully appreciated. For instance, some reagents used in manual methods to ensure the precise termination of a reaction become unnecessary; often absorbance may be measured before colour development is complete. thus shortening assay time; where colour development follows first-order kinetics and the machine is equipped with a channel for simultaneous reagent blank correction. two-point reaction-rate measurements may be used.
The bilirubin method again provides an example for the first of these points. In the methods of Michaelsson et al. (1965) and Ichida and Nobuoka (1968) ascorbic acid is used to destroy excess diazonium chloride before the addition ofalkaline tartrate reagent. According to Richterich (1969) this is to 'inhibit the blocking effect of haemoglobin derivatives on dyestuff formation', but as the azobilirubin has already formed before alkalinization this cannot be the function of the ascorbic acid. It is much more probably to prevent the continued development of azo pigments in alkaline solution , which with anything but strict timing would lead to differences in relative absorbence. As the Vickers machine ensures precise timing it was considered unnecessary to use ascorbic acid reagent. This was confirmed by comparing plasma bilirubin concentrations (range 11.3-113 p.moljl (0.6 to 6.0 mgjlOO ml)) in more than 100 samples analysed, on the Vickers M-300, with and without ascorbate. A coefficient of correlation of 0.99 was achieved.
The first use of the Vickers machine for two-point reaction-rate determinations was in the estimation of plasma creatinine with alkaline picrate (Jaffe) FiK. 3.-Early production model of the Vickers 0-_ dual channel analyser. reagent (Cook, 1972) . Before this, however, the possibility of using creatinine-specific enzymes was studied. The most suitable enzyme appeared to be creatinine desimidase, which was isolated from the anaerobe Clostridium paraputrificum and found to catalyse the hydrolysis of creatinine into N-methylhydantoin and ammonia (Szulmajster, 1958a, b) . After the incubation of plasma with this enzyme it was intended to estimate creatinine concentration through the measurement of ammonium ion by means of the indophenol blue reaction. Unfortunately cultures of Clostridium paraputrificum obtained from the American Type Culture Collection failed to react with creatinine. Alternative use of the aerobe Pseudomonas putida was no more successful, for though it catalysed creatinine breakdown none of the products (Fig. 4) were suitable for analytical purposes because most of them are already present, or arise from substances already present, in the plasma.
Failure to isolate a suitable enzyme prompted investigations into the use of alkaline picrate reagent for the estimation of creatinine in the presence of protein. The addition of diluted plasma direct to this reagent resulted in the seemingly instantaneous formation of a clear orange-yellow solution, the absorbence of which varied from plasma to plasma. Colour development then continued more slowly at a rate which was proportional to the concentration of creatinine in the sample (Cook, 1971 ).
INTERFER[NG SUBSTANCES
Further kinetic studies with interfering substances showed that they fall into one of two groups: (1) Fast reactors, such as acetoacetic acid, which react directly with alkaline picrate to form coloured complexes.
(2) Slow reactors, such as glucose, which reduce alkaline picrate to the more highly coloured picramic acid.
The advantage of the kinetic approach is, therefore, that with careful selection of the reaction conditions and measurement period it is possible to improve the specificity of the Jaffe reaction even in the presence of proteins. Under the conditions chosen the most suitable period for measuring the change in absorbence for creatinine estimation was between 200 and 400 s.
When the method was first applied to the Vickers machine its reproducibility was poor. Inspection of the results showed that high values occurred always in the same reaction pockets and were caused by poor heat transfer with the consequent underheating of the 204-second 'blank' reaction. As the method is highly temperature-sensitive it is not surprising that this caused high results. These heating faults were remedied by the use of a compound of high thermal conductivity for embedding the reaction cavity liners. (Formaldehyde) Some of the work described here formed part of a thesis submitted to the University of Surrey for the Ph.D. degree.
